The antifungal activity of tomato (Solanum lycopersicum) leaf volatiles (TLV), which are industrial residues, was investigated against three types of plant pathogenic fungi of Botryotinis fuckeliana, Glomerella cingulata and Fusarium oxysporum f. sp. melonis. The growth of B. fuckeliana and G. cingulata was completely inhibited by TLV extract volumes corresponding to 12 and 17 g of tomato leaves, respectively. The inhibition rate of a TLV extract volume corresponding to 17 g of tomato leaves against F. oxysporum f. sp. melonis was approximately 55%. The antifungal activity of TLV was thus shown to vary according to the type of plant pathogenic fungi. These results suggest the presence of a defense response against plant pathogenic fungi in tomato plants and that TLV are efficacious as a biological control agent.
Introduction
In Japan, approximately 760,000 t of tomato fruit (Solanum lycopersicum L.) are produced per year, and the same amount of the leaves and stems, which are valuable organic resources, are grown. A part of it is used as compost, but largely-wasted. The beneficial use is big challenge, because wise use of resources and recycling is currently desired. Functional constituents in the plant can be used as food preservatives and biological control agents. In addition, it has been reported that the herbal aroma of plants differed according to the picking season and site, and that its antibacterial activity varied greatly (Angioni et al., 2006; Chorianopoulos et al., 2006) . Thus, functional constituents in tomato leaves and stems may be used as antibacterial agents.
In recent years, consumers have shown a growing interest in food safety. Past treatment of agricultural crops with chemical pesticides has effectively ensured a stable supply of crops. However, there may be a risk of mammalian toxicity and environmental pollution by these chemical pesticides. Such chemical products remain in the crops and present a health hazard to farmers during growth and production and to consumers after harvest. Alternatives such as organic farming and pesticide-free production may be time consuming and ineffective in preventing damage by plant pathogens and insect pests. Use of biological control agents is an alternative non-chemical pest control method.
It is well known that tomato leaves have a characteristic odor (Buttery et al., 1987) and there are some reports about antifungal activity of the tomato leaf volatiles (TLV) (Zhang et al., 2008) . The tomato cultivar 'Reiyo' used in this study is one of the main Japanese varieties of large-fruited tomatoes, although antifungal activity of the volatiles from leaves has not been studied yet. In this study, antifungal activity of TLV against the plant pathogenic fungi, Botryotinis fuckeliana, Glomerella cingulata and Fusarium oxysporum f. sp. melonis, was investigated.
Materials and Methods

Materials
The tomato cultivar 'Reiyo' (S. lycopersicum L.; Sakata Seed Co., Ltd., Yokohama, Japan) was cultured in a greenhouse at Meiji University from mid-August to mid-December 2007. Leaves from the fourth to the seventh flower clusters were sampled at the anthesis stage of the seventh flower cluster, frozen with liquid nitrogen, crushed, and stored at -40℃ until extraction of volatile compounds. The common fumigants, Chloropicrin (CP; Kanto Chemical Co., Ltd., Tokyo, Japan) and methyl isothiocyanate (MITC; Wako Pure Chemical Industries, Co., Ltd., Osaka, Japan), were used as positive controls. B. fuckeliana NBRC 9760, G. cingulata NBRC 5257 and F. oxysporum f. sp. melonis NBRC 6385 were purchased from the National Institute of Technology and Evaluation (Kisarazu, Japan).
Extraction of Tomato Leaf Volatiles
Volatile components were extracted from tomato leaves using the Porapak Q method (PQM) as described by Hayata et al. (2003) . Crushed tomato leaves of 100 g fresh weight (FW) were centrifuged at 12,000 g for 20 min, and the supernatant was filtered with a glass filter under reduced pressure. At room temperature, the extract was then poured into a PQ column (i.d. 2 cm × 40 cm) to absorb the volatile compounds on a PQ resin (polydivinylbenzene, 50-80 mesh, Waters Co., Ltd., Milford, MA, USA), and the column was then washed with 100 mL of distilled water. Following this, the volatile compounds were dissolved in 100 mL of diethyl ether (Kanto Chemical Co., Ltd.) to elute the absorbed compounds. The eluate containing the volatile compounds was dried over hydrous sodium sulfate (Kanto Chemical Co., Ltd.) overnight at room temperature and concentrated to 6 mL under a nitrogen stream.
Measurement of the Antifungal Activity of TLV against Plant Pathogenic Fungi
One hundred microliters of plant pathogenic fungal solutions (10 6 spores mL -1 ) was plated on a potato dextrose agar plate (Difco, USA). Paper disks containing ~1000 μL of the extract were plated on inverted lids of the plates, and the extract was dried (Nishimura, 1995) . The plates were then incubated at 25℃ for 7 days after sealing with parafilm.
The antifungal activity of the extracts was calculated as the inhibition rate using the following equation;
Inhibition ratio (%) = d / D× 100
(1)
Where d is the diameter of the circular inhibition area (mm) and D is the diameter of the plate (85 mm). All the experiments were performed in triplicate. Data are presented as means with standard errors.
Results
The antifungal activity of TLV against B. fuckeliana, G. cingulata and F. oxysporum f. sp. melonis is shown in Figure 1 . The antifungal activity against all the plant pathogenic fungi tested increased linearly with an increase in the TLV extract volume. The growth of B. fuckeliana and G. cingulata was completely inhibited at TLV extract volumes corresponding to 12 and 17 g of tomato leaves, respectively. Inhibitory effects of TLV against B. fuckeliana was equivalent to those of 30 g CP and 50 g MITC, and the inhibitory effect of G. cingulata was equivalent to those of 20 g CP and 200 g MITC (Figure 2 ). CP and MITC had the high antifungal effects at low concentrations. In contrast, the inhibition rate of a TLV extract volume corresponding to 17 g of tomato leaves against F. oxysporum f. sp. melonis was approximately 55%. The antifungal effect of TLV was therefore shown to vary according to the type of plant pathogenic fungi. Data are presented as means with standard errors in triplicate.
Discussion
The concentrations, at which CP and MITC were tested, were significantly higher than the 0.1 ppm (8.5 g/85 mL in a petri dish) currently used in the industry. CP causes symptoms of poisoning (Kawai, 1973) and MITC is an irritant to the skin and mucous membranes (Uchiyama et al., 1992) . Because equivalent results were obtained using lower levels of TLV, use of TLV as an alternative fumigant to CP and MITC should be considered.
The antifungal effect of TLV was therefore shown to vary according to the type of plant pathogenic fungi. Previous reports revealed that volatiles from thyme (Thymus vulgaris L.) showed strong antifungal activity against Aspergillus parasiticus and Cryptococcus neoformans but not against Candida albicans (Martos et al., 2007) . In addition, no antifungal activity was observed in diethyl ether of the extract solvent (data not shown). In the present study, TLV exhibited strong antifungal activity, although B. fuckeliana infects tomato leaves and develops a disease. The inhibitory effect observed in this study may have been because of the higher concentration of TLV under experimental conditions. Hatanaka, 2002). Furthermore, GLV exhibits antibacterial activity against many types of microorganisms (Virginie et al., 2009 ). In the tomato plant, GLV was shown to be synthesized and released from the leaves because of insect damage by Helicoverpa armigera larvae (Rose et al., 1996) . In the cotton plant, GLV production increased in the upper leaves because of feeding damage by Spodoptera exigua larvae in the lower leaves (Mann et al., 2000) . These results suggest a resistant response system to insect damage or infection by plant pathogens in the tomato plant. In addition, it has been reported that essential oils exhibit antifungal activity at the three stages of conidial germination, growth of vegetative hyphae, and conidial formation (Inouye et al., 1998 (Inouye et al., , 2001 ). However, whether or not TLV exhibit antifungal activity at any life cycle stage of plant pathogenic fungi remains unclear. In addition, the TLV involves the sesquiterpenes such as β-caryophyllene which high antifungal activity was reported (Huang et al., 2012) and alcohols such as geraniol and α-linalool, which are known for antibacterial activity (Inoue, 2002) , and these compounds have a deep relationship with antifungal activity of TLV.
Conclusion
In the present study, it suggested that volatiles from tomato leaves, which are usually scrapped, could be useful as a biological control agent. TLV showed a strong antifungal activity against three types of plant pathogenic fungi of B. fuckeliana, G. cingulata, and F. oxysporum f. sp. melonis, indicating a defense response against these plant pathogenic fungi. Further studies are needed to identify the antifungal compounds in the TLV, to investigate why antifungal activity of TLV varies with the variety of plant pathogenic fungi and to study the efficient recovery process of the TLV for practical use.
